The isolated apical domain of the Escherichia coli GroEL subunit displays the ability to suppress the irreversible fibrillation of numerous amyloid-forming polypeptides. In previous experiments, we have shown that mutating Gly-192 (located at hinge II that connects the apical domain and the intermediate domain) to a tryptophan results in an inactive chaperonin whose apical domain is disoriented. In this study, we have utilized this disruptive effect of Gly-192 mutation to our advantage, by substituting this residue with amino acid residues of varying van der Waals volumes with the intent to modulate the affinity of GroEL toward fibrillogenic peptides. The affinities of GroEL toward fibrillogenic polypeptides such as A␤(1-40) (amyloid-␤(1-40)) peptide and ␣-synuclein increased in accordance to the larger van der Waals volume of the substituent amino acid side chain in the G192X mutants. When we compared the effects of wildtype GroEL and selected GroEL G192X mutants on ␣-synuclein fibril formation, we found that the effects of the chaperonin on ␣-synuclein fibrillation were different; the wild-type chaperonin caused changes in both the initial lag phase and the rate of fibril extension, whereas the effects of the G192X mutants were more specific toward the nucleus-forming lag phase. The chaperonins also displayed differential effects on ␣-synuclein fibril morphology, suggesting that through mutation of Gly-192, we may induce changes to the intermolecular affinities between GroEL and ␣-synuclein, leading to more efficient fibril suppression, and in specific cases, modulation of fibril morphology.
chaperonin action, exemplified in the GroE system from Escherichia coli, consists of the recognition and binding of denatured, aggregation-prone protein molecules via hydrophobic interactions (mediated by the apical domain of the GroEL subunit), followed by the binding of nucleotide ATP, which triggers the binding of the co-chaperonin GroES and dynamic movements of the GroEL subunit that internalize the bound protein molecule into the characteristic central cavity of the unique, double-ringed quaternary structure of the GroEL tetradecamer (2) . Subsequent hydrolysis of ATP acts as a timer that regulates the interval during which the internalized molecule remains within the central cavity. The protein is then released from GroEL, either having modified its original structure autonomously so that the risk of aggregation is lessened, or according to alternative views, having undergone an active rearrangement of its structure through GroEL to "rewind" the molecule for another attempt at correct folding (3, 4) . Bacterial chaperonins such as GroE are known to apply this general mechanism of protein folding assistance to proteins regardless of their source or biological activity. The effects of GroE are partially limited, however, by a molecular size criterion that determines whether a given protein is able to be internalized within the central cavity of GroEL (5) .
Recent advances in understanding cellular protein homeostasis have indicated that under certain conditions, cellular proteins form fibrillar protein deposits, which are in turn implicated in various molecular diseases (6 -12) . These protein fibrils typically evolve very slowly over a long interval within certain cells to form insoluble, characteristically fibrous deposits that may be identified pathologically. It has been shown that various molecular chaperones that are normally present in the cell interact with these proteins that are prone to long-term aggregation and deposition, and partially control or prevent this deposition from occurring (13) (14) (15) (16) (17) . The interactions between fibrillogenic proteins and molecular chaperones may extend toward molecular chaperones from bacterial origins (18 -20) . In our experiments, we have found that the isolated apical domain of GroEL (spanning residues 191-376 of the original GroEL subunit) is capable of suppressing the fibrillation of polypeptides such as A␤(1-42), 2 ␣-synuclein (␣Syn), and GroES (21) . Through understanding the underlying principles by which various molecular chaperones interact with fibril-forming polypeptides, it may become possible to develop agents that suppress the irreversible fibrillation of proteins that are conducive to numerous diseases.
During the course of our studies on the GroEL subunit, we characterized a point mutation (G192W) with unique characteristics (22) . Gly-192 is located within a hinge region that connects the apical domain and the intermediate domains of GroEL, and this hinge region is proposed to facilitate the dynamic movement of the apical domain in response to ATP binding and hydrolysis within the GroEL subunit ( Fig. 1 ). Substituting Gly-192 with a bulky tryptophan residue served to hinder this dynamic movement in an unusual manner; the mutant chaperonin displayed the ability to bind the co-chaperonin GroES and unfolded peptide simultaneously, in the marked absence of added ATP (22) . Further characterization determined that the apical domain in this mutant was tilted relative to the original subunit configuration in such a manner that the binding of GroES and unfolded polypeptide to the same GroEL 14-mer was now possible. The altered configuration resulted in the display of binding interfaces that were hidden in the wild-type subunit when ATP was not bound.
Taking the unique characteristics of GroEL G192W together with the interesting ability that the GroEL apical domain had shown with regard to protein fibril suppression, we reasoned that it may be possible to engineer an enhanced suppressor of protein fibrillation using the GroEL quaternary structure as a scaffold. To prove our ideas, in this study, we substituted Gly-192 with a number of amino acid residues that differ in the van der Waals volume of their side chains, and then characterized their abilities toward suppressing the aggregation and fibrillation of proteins. We found that, in agreement with our initial expectations, the relative affinities of various GroEL G192X mutants toward unfolded peptide and GroES in the absence of ATP could be modulated in accordance with the size of the side chain of the X-substituent. This modulation was accompanied by corresponding increases in the surface hydrophobicity of each GroEL mutant. A clear correlation could be observed between the van der Waals volume of various amino acid side chains and the relative affinities of the resultant mutants toward proteins and peptides such as ␣Syn and A␤(1-40) peptide. The abilities of the various mutants in suppressing protein fibrillation also showed a strong correlation; the most bulky mutant (G192W) proved to be the most effective suppressor of fibrillation in in vitro assays using fluorescence to detect fibril maturation. An unexpected additional finding was that, in addition to this enhanced ability to suppress fibril formation, we could observe changes in the morphology of resultant protein fibrils that formed in the presence of different GroEL variants. Our results suggest that, through adjustment of the orientation of the GroEL apical domain by mutation of Gly-192, it is possible to engineer a series of chaperonins that are capable of modulating the length and shape of protein fibrils. These chaperonins act by interacting with fibrillogenic proteins and their products at multiple points of the fibrillation process. Fig. 2 shows the results of the initial structural characterization of seven GroEL G192X mutants using circular dichroism (CD, Fig. 2A ) and surface hydrophobicity analysis using the fluorescent probe 1-anilinonaphthalene-8-sulfonate (ANS; Fig.  2B ). Fig. 3 shows the corresponding functional characteriza- (36) . Selected GroEL and GroES subunits have been removed to showcase the characteristic central cavity of GroEL 14 . The GroEL subunits shown in the forefront of the figure have been colored to highlight the domain architecture; the apical domain is in red, the intermediate domain is in green, and the equatorial domain is in blue. The panel on the right is an expanded view of the hinge II region of the GroEL subunit, with Gly-192 represented as spacefilling forms. Images were drawn using UCSF Chimera (37) . tions of these mutants using ATPase assays ( Fig. 3, A and B) , as well as refolding assays using malate dehydrogenase (MDH) ( Fig. 3C ) and rhodanese ( Fig. 3D ). Fig. 3E summarizes our functional evaluations by plotting the net ATPase activities and refolding yields shown in Fig. 3 , A-D, against the van der Waals volumes of the amino acid side chains (23) that replace Gly-192 in each mutant.
Results
The CD spectra of all of the mutants closely resembled the spectra of GroEL WT ( Fig. 2A ), indicating that substitution of Gly-192 with various amino acids resulted in minimal effects on the overall structural integrity of GroEL at the secondary structural level. In contrast, as shown in Fig. 2B , substitution of Gly-192 with larger amino acids resulted in a gradual and significant increase in the amount of detected ANS fluorescence. This increase correlated roughly with the size of the amino acid residue that occupied position 192, as demonstrated when we plot the values of the ANS fluorescence intensity at 478 nm (F 478 ) against the side chain van der Waals volumes (23) of each substituting amino acid ( Fig. 2B, inset) . We note here that during purification of the mutants, each mutant was eluted from a Superdex 200 Increase gel filtration column at elution volumes (8.75-9.50 ml) that were slightly smaller that of thyroglobulin (M r 669,000), suggesting that all of the mutants retained the original 14-mer quaternary structure of GroEL.
In Fig. 3, A and B , the ATPase activities of the various Gly-192 substitution mutants are plotted. We note again a rough correlation between the ATPase activities and the size of the side chain of the amino acid substituent. For each mutant, the addition of GroES to the reaction resulted in a marked decrease in ATPase activity ( Fig. 3E, compare closed versus open circles), indicating that a basic functional relationship between the GroEL ATPase and GroES binding to GroEL (ATPase suppression) was preserved.
With regard to the folding assistance activities of the various mutants ( Fig. 3 , C and D), this ability was also affected by the Gly-192 to X substitution and also roughly correlated with the size of the side chain that replaced Gly-192. Generally, substituting the glycine at position 192 for amino acids with larger van der Waals volumes resulted in a more severe decrease in folding assistance activity. Some anomalies were apparent: for instance, the strong suppression in MDH refolding assistance abilities in the G192W mutant ( Fig. 3C, orange) . Also, regarding rhodanese refolding assistance abilities, we observed that the effects of Gly-192 substitution were more severe, with only G192A displaying a significantly improved refolding yield when compared with the spontaneous reaction ( Fig. 3D, red) . Overall, however, the effects of amino acid substitution in Fig. 3 seem to reflect the consequences of steric effects caused by the size of the amino acid substituent, as summarized in Fig. 3E .
We next probed the effects of Gly-192 substitution on the binding of the co-chaperonin GroES, through direct quartz crystal microbalance (QCM) analysis. In this assay, we used a concatenated form of GroES where individual subunits were linked by a tri-glycine linker (ESC7) (24) as the binding group immobilized to the sensor and the various GroEL mutants as soluble ligands. The results are summarized in Fig. 4 . It should be noted here that, with the exception of the wild-type chaperonin, all of the GroEL mutant proteins were tested for ESC7 binding in the absence of ATP; only GroEL WT was analyzed in both the absence and the presence of 2 mM ATP. As seen in Fig.  4 , all of the mutants tested were capable of binding to GroES in the absence of ATP. Generally, a larger van der Waals volume for the substituting mutation corresponded to an increase in ͉⌬F͉, roughly reflecting increased affinities between GroEL and GroES. From the results shown in Fig. 4 , we believe that the substitution of Gly-192 with bulkier amino acids served to change the orientation of the apical domain relative to the original closed conformation in the apo GroEL 14-mer, causing an increase in surface hydrophobicity ( Fig. 2B) , an increased affinity toward GroES (Fig. 4) , and a decrease in overall "chaperonin competence" (Fig. 3, C and D) .
We next measured the affinities of a selected subset of G192X mutants toward two immobilized fibrillogenic polypeptides, A␤(1-40) peptide and ␣Syn bound to the sensor via a C-termi- NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 25219 nal His 6 tag (␣Syn-His 6 ), using QCM to gauge the effects of the G192X mutation on GroEL-A␤(1-40) and GroEL-␣Syn association. For this assay, we selected the mutants G192N, G192I, and G192W. These three mutants, together with GroEL WT, span the range of different affinities that were observed in the GroES binding experiments shown in Fig. 4 . As shown in Fig. 5 , the G192X mutation resulted in changes in the affinities toward GroEL for both immobilized A␤(1-40) ( Fig. 5A ) and immobilized ␣Syn-His 6 (Fig. 5B ). The relationship between the substituting amino acid and the binding affinities was roughly comparable with the changes in affinity toward GroES: GroEL G192W displayed the strongest affinities toward A␤(1-40) and ␣Syn-His 6 , and GroEL WT displayed the weakest. The results were in line with our explanation that these amino acid substitutions change the orientation of the GroEL apical domain relative to the ring structure, and as a result, structural interfaces that accommodate protein binding are exposed. The finding that the affinities of the G192N mutant and the G192I mutant also fell between wild type and G192W, for both fibrillogenic polypeptides, supported our notion that the size of the substituting residue at position 192 dictates a sliding scale of affinity toward protein ligands.
Engineered Chaperonins Modulate Fibrillogenesis
The interactions between the four selected chaperonins and ␣Syn-His 6 were probed further by quantitative QCM analysis, and the results are summarized in Fig. 6 and Table 1 . We found that the qualitative relationship that we inferred from Fig. 5 was supported in quantitative analyses. Estimated dissociation constants (K D ) of each chaperonin toward immobilized ␣Syn-His 6 ranged from 8.4 ϫ 10 Ϫ9 M for G192W to 3.06 ϫ 10 Ϫ8 M for GroEL wild type (Table 1) , again demonstrating a sliding scale of binding affinities correlating with the size of the amino acid side chain that replaces Gly-192.
To determine whether the changes in ␣Syn-GroEL binding affinities in particular translated to detectable effects in ␣Syn fibrillogenesis, we next monitored the effects of GroEL G192X addition on the time course of ␣Syn fibril formation using thioflavin-T (Th-T) fluorescence ( Fig. 7) . As shown in Fig. 7 , we found that the addition of either GroEL WT or each of the three G192X mutants that we tested indeed caused measurable changes in the time course of ␣Syn fibrillation. Intriguingly, however, we noted in the experiments a qualitative difference in the effects of GroEL wild-type and the G192X mutant chaperonins on ␣Syn fibrillogenesis. In the case of GroEL WT, the fibrillation profile was altered in a GroEL concentration-dependent manner, but the changes were mainly confined to the rate of fibril extension, with the lag interval remaining relatively unchanged ( Fig. 7A ). In the case of the G192W mutant, however, the addition of increasing amounts of the chaperonin to the reaction caused a specific increase in the lag phase of fibrillation, and the rate of extension as monitored by the slope of Th-T fluorescence increase was relatively constant across the samples. This suggested that this mutant affected most strongly the initial formation of fibril nuclei from which mature fibrils extended (Fig. 7D) . The effects of the other two mutants lay between these two extremes, and GroEL G192N tended to produce effects that were more pronounced in the fibrillation rate ( Fig. 7B ), whereas GroEL G192I addition caused more drastic changes to the initial lag times (Fig. 7C ).
Do these varied effects on the fibril extension profile translate into changes in the shape of the fibrils that are eventually formed? To answer this question, we performed transmission electron microscopy (TEM) analysis on fibrils that were formed in the assays shown in Fig. 7 using negative staining. Interestingly, we observed a difference in the morphology of fibrils produced in the presence of these chaperonins (Fig. 8 ). In the presence of GroEL WT, fibrils tended to develop unbraided, strip-like forms where multiple protofibrils were arranged in parallel, especially at higher ratios of ␣Syn to GroEL (Fig. 8, see ϩWT, x0.2 panel, bordered in blue). In our TEM images, we could also observe particles of GroEL bound to the periphery of . QCM binding analyses of GroEL G192X mutants to immobilized GroES ESC7. Preparations of ESC7 were immobilized to the sensor chip using standard methods, and aliquots of GroEL G192X were added to the cell. Signal changes reflect changes to the mass that is bound to the sensor chip, which in this case represents the amount of GroEL G192X that is bound to ESC7. With the exception of GroEL WT, all measurements were performed in the absence of ATP. the fibrils, reflecting perhaps the persistence of the GroEL-␣Syn interactions. In contrast, in the presence of GroEL G192W (Fig. 8, see ϩG192W, x0.2 panel, bordered in red) , the fibrils observed more closely resembled the braided protofibril forms that are observed when ␣Syn fibrils are formed in isolation ( Fig. 8, topmost panel) ; instead, the fibrils formed were shorter in overall length and were greatly reduced in number. Fibrils that formed in the presence of GroEL G192N and G192I included both parallel oriented forms and shorter, braided forms, as highlighted in Fig. 8 with the corresponding colored borders.
In Fig. 9 , we probed the effects of the delayed addition of these chaperonins to the ␣Syn fibril-forming reaction. The delayed addition of GroEL during ␣Syn fibrillation resulted in changes to the time course of fibrillogenesis. The specific changes that each chaperonin brought about, however, were slightly different between GroEL wild type and the other three GroEL Gly-192 mutants. In the case of GroEL WT, the addition of the chaperonin at different time points of the reaction resulted in changes that varied with the delay before GroEL NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 25221 addition (Fig. 9A ). When GroEL WT was added at the early stages of the fibril-forming reaction (Fig. 9A, red and orange) , an elongated lag phase (attributed to fibril nuclei formation) and a decrease in the rate of fluorescence signal increase (attributed to fibril extension) were both observed. Adding GroEL WT to the reaction at later intervals, for example, 8 h after the initiation of the experiment (Fig. 9A, green) , resulted in a decrease in the fibril-forming rate. However, the fluorescence signal increased eventually to values similar to that of samples without added GroEL (Fig. 9A, black) . In contrast, when GroEL G192W was added to the reaction at various time points ( Fig. 9D ), we observed that GroEL G192W was quite effective in immediately halting further fibril formation, even when this chaperonin was added at the midpoint of the extension phase (8 h; Fig. 9D , green). The affinity of GroEL G192W toward ␣Syn is higher than the affinity of GroEL WT (Table 1) , and this difference in affinities may be causing these differences in additive effect on the ␣Syn fibril-generating reaction. Reactions where either G192N or G192I was added mimicked the results of GroEL G192W; in each case, delayed addition served to immediately halt further increases in Th-T fluorescence. When we observed the shape of the fibrils produced in the delayed addition experiments, we were able to confirm the differential effects of GroEL WT and GroEL G192W on the fibril morphology of ␣Syn that we noted in Fig. 8 . As seen in Fig. 10 , ␣Syn fibrils that were formed in samples where GroEL WT was added in the early stages of the fibrillation reaction (0 and 3 h) tended to produce long straight fibrils without twists, confirming the results shown in Fig. 8 that fibrils that formed in the presence of GroEL WT displayed this characteristic morphol-ogy. However, this tendency was altered when GroEL WT was added in the latter stages of the reaction; the fibrils produced were much more similar to the braided protofibrils typical of ␣Syn fibrils formed in isolation (Fig. 10 , compare the topmost and bottommost panels of the left-side column denoted WT). In contrast, fibrils produced in the presence of GroEL G192W (Fig. 10, right column) displayed twisted morphologies irrespective of the time that GroEL was added to the reaction, again confirming the morphological differences of the fibrils that formed in the presence of these two chaperonins, as described in Fig. 8 . We may deduce two things from the images in Fig. 10 regarding the effects of GroEL on ␣Syn fibrillogenesis. First, the effects of the chaperonin on fibril morphology are realized in the initial, early stages of the fibril-forming reaction; GroEL is incapable of altering the morphology of fibrils once they have been formed, because delaying the addition of GroEL to the reaction for 24 h results in the disappearance of all morphological differences between the samples (Fig. 10, 24 h panel) . Second, this ability to change the morphology of ␣Syn fibrils seems to hinge on the relative affinity that GroEL displays toward ␣Syn, and this affinity may be modulated by replacing a crucial glycine residue localized in the hinge II region of the GroEL subunit with a bulkier amino acid that tilts the orientation of the GroEL apical domain.

Discussion
Molecular chaperones function as shepherds to various cellular proteins under conditions of stress to maintain the structural integrity and functional abilities of these clients, and also act to smoothly process damaged and inactive proteins through the proteolytic pathway. To achieve these functions, molecular chaperones frequently utilize protein-protein interactions to recognize proteins that are qualified for processing.
Recent in vivo studies have highlighted the possibility that, through this protein maintenance activity, various molecular chaperones are actively involved in preventing the accumulation of insoluble, fibrillar protein aggregates that are often implicated in various cellular diseases. Examples such as the involvement of the small heat shock proteins (14, (25) (26) (27) , members of the Hsp70 and Hsp104 families (15-17, 28, 29) , and the chaperonin/Hsp60 families (30 -32) have demonstrated that the involvement of molecular chaperones in the control of protein folding diseases may be a general concept applicable to a variety of phenomena that affect the well being and health of eukaryotic cells.
Building upon this concept, we set out to elucidate general principles that may underlie the control of protein fibrillation by molecular chaperones. We elected to use a model system composed of the bacterial chaperonin GroEL and multiple fibrillogenic proteins. In a previous study, we succeeded in demonstrating that the apical domain of GroEL, which acts as a sensor for proteins susceptible to association and insolubility, is capable of interacting with and suppressing the formation of protein fibrils from various sources (21) . The present study is aimed at utilizing and extending our original findings regarding the GroEL apical domain, by revisiting the original chaperonin quaternary structure and selectively modifying a crucial hinge region so that the active apical domain may be reoriented toward our purposes.
Our experiments demonstrated rather clearly that it was indeed possible to modify the structure of the GroEL subunit to enhance its affinity toward fibrillogenic polypeptides, with minimal effects to the overall structural characteristics of the chaperonin. Moreover, the modifications are partially customizable; by substituting Gly-192 with amino acid residues of increasing size, it was possible to gradually increase the affinity of GroEL toward polypeptides such as A␤(1-40) and ␣Syn. This increase in affinity was also correlated with an improved ability to suppress the fibrillogenesis of ␣Syn; the mutant with the bulkiest substitution at position 192 was determined to be the most effective suppressor of ␣Syn fibrils. The structural basis for this effect seems to be relatively clear-cut; the presence of bulkier amino acid side chains acts to tilt the apical domain to an orientation that exposes more and more of the hydrophobic binding interface for unfolded polypeptide (Fig. 2B ). We have observed in Machida et al. (22) that this is true in the case of GroEL G192W; direct TEM observation showed that in this mutant, the apical domain was tilted in an open-like configuration in the absence of ATP. The additional, interesting finding of the present study was that this effect was adjustable, based upon a sliding scale of the van der Waals volume of the substituting amino acid side chain. It should be relatively easy to build on our results shown here to enhance this ability to even greater levels. Selected modifications to the GroEL apical domain, for example, may conceivably increase the affinity of this domain toward various polypeptides, or lead even to "customized" affinities, where the domain is modified to accommodate only a specific structural motif over other interactions. The findings shown here form a robust platform on which we may build to probe much further the development of protein-based factors that may be utilized in the detection and, ultimately, control of insoluble protein fibrils that are implicated in various protein misfolding diseases.
An additional unexpected and interesting finding was that, in addition to protein fibril suppression, GroEL was also capable of altering the morphology of ␣Syn fibrils specifically, and this ability was also adjustable by mutating Gly-192. We found that the original GroEL WT, when added to the ␣Syn fibril-forming reaction at a sufficiently early stage, could change the morphology of ␣Syn fibrils from its original twisted, braided form to a flat form in which the protofibrils of ␣Syn are arranged parallel to each other. This fibril-modulating ability may be based on a "loose" interaction with ␣Syn oligomers or protofibrils, because it was the GroEL variant with the weakest affinity toward ␣Syn that displayed this tendency. However, specific interactions that are responsible for this ability must be elucidated in further experiments to probe the detailed kinetics of the GroEL-␣Syn interaction. Fortunately, however, we already have in our hands a mutant GroEL where this ability has been altered to a more general fibril suppression activity, so a comparative analysis between these two chaperonins, and selected other G192X mutants, should provide insights on this interesting effect on fibril morphology.
Experimental Procedures
Preparation of Chaperonins and Client Proteins-Genes encoding the GroEL mutants were constructed by using the QuikChange site-directed mutagenesis kit, using pETEL (pET23a(ϩ)(Novagen)-based plasmid encoding wild-type groEL) as the template. The successful construction of each mutant was confirmed by DNA sequence analysis of the entire GroEL coding region. Both wild-type and mutant proteins were expressed in E. coli BLR(DE3) and purified at room temperature, using the method described previously (22) involving ammonium sulfate precipitation followed by successive gel filtration (Superdex 200 Increase 10/300 GL) and anion exchange (Resource-Q) chromatography. All chromatography steps were performed on an Ä KTA-FPLC system (GE Healthcare) at room temperature.
MDH from pig heart was obtained commercially from Roche Applied Sciences, and bovine rhodanese was obtained from Sigma-Aldrich and used in refolding studies. A␤(1-40) peptide was obtained as synthesized peptide from the Peptide Institute (Osaka, Japan). Human ␣Syn and ␣Syn-His 6 were each expressed in E. coli cells harboring an overproducing plasmid and purified using protocols published in Yagi et al. (33) .
Buffers-The following buffers were used in this study. Buffer A, 50 mM Tris-HCl buffer, pH 7.8, containing 20 mM KCl, 10 mM Mg(CH 3 COO) 2 Structural Characterization-CD spectra of GroEL mutants (200 g/ml) were measured in Buffer A. Measurements were performed on a Jasco J-820 spectropolarimeter at 25°C. Spectra displayed are averages of 10 scans, and corrected for buffer signals. Raw signals were then converted to mean residue ellipticities in Fig. 2A .
Fluorescence spectroscopy of GroEL mutants (200 g/ml) in the presence of ANS was measured on a Jasco FP-6300 fluorescence spectrophotometer in Buffer A containing 5 M ANS, at an excitation wavelength of 371 nm. Spectra shown are averages of five scans, and buffer contributions were subtracted.
Functional Characterization-ATPase activities of GroEL protein (0.1 M) in the presence or absence of GroES (0.1 M) (7-mer) were measured at 37°C, using a slightly modified protocol of a colorimetric method described previously (34, 35) . Experiments were performed in Buffer A. The initial concentration of ATP added was 2 mM, and samples were removed at 10-min intervals to determine the concentration of inorganic phosphate in the assay mixture.
Refolding assays of MDH were carried out as reported previously (22) . Refolding of rhodanese was performed using previous protocols. Briefly, purified rhodanese (46 M) was unfolded in 40 mM Tris-HCl buffer, pH 7.4, containing 6 M guanidine hydrochloride and 1.5 mM DTT at 25°C for 1 h. The refolding reaction was started by a 100-fold dilution into Buffer B. The temperature and protein concentration of rhodanese during the refolding reaction were 25°C and 0.46 M, respectively; a 1.5-fold molar excess of GroEL and GroES oligomer relative to rhodanese was present in the refolding reaction, and 2 mM ATP was added to each reaction at 5 min. The assay was performed at 25°C.
In both ATPase and refolding assays, the data shown represent averages from three experiments using two independent chaperonin preparations of each variant. Error bars represent the S.E. of each data point. Values for the van der Waals volume of each amino acid side chain that replaced Gly-192 in the mutants were obtained from Darby and Creighton (23) and used to plot the Fig. 2B inset as well as Fig. 3E .
QCM Assay-An Affinix QN (Initium Inc., Japan) QCM instrument was used to directly detect GroEL-protein interactions. The instrument contains one 550-l cell equipped with a 27-MHz QCM plate (8.7-mm diameter quartz plate and 5.7mm 2 area gold electrode) at the bottom of the cell and is coupled to a temperature control system. Immobilization of ESC7 and A␤(1-40) peptide to the sensor cell and subsequent measurements were accomplished utilizing amine coupling as follows. The gold surface of the quartz resonator was first cleaned successively with 1% SDS and piranha solution (H 2 SO 4 :H 2 O 2 ϭ 3:1) prior to immobilization. Carboxyl group-containing selfassembled monolayer (COOH-SAM) reagent was then added to the cleaned gold electrode of the QCM and incubated for 1 h at room temperature. The sensor was washed with Milli-Q water, and the resultant carboxylic groups introduced to the sensor surface were next activated by adding 50 l of a freshly prepared 1:1 mixture of N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (50 mg/ml each).
After washing the sensor, 0.5 ml of ESC7 samples (50 M) in reaction buffer (10 mM citrate buffer, pH 5.0) was added to initiate the binding reaction. This lower pH buffer was necessary to improve the binding of ESC7. For A␤(1-40), a solution of 5 M A␤(1-40) in Buffer B was added to the cell, and binding was allowed to proceed in a similar manner. After monitoring the changes in resonance frequency (⌬F) for a designated interval sufficient for binding, the sample was removed and ethanol-amine solution was added to rinse the sensor. The cell was then equilibrated with experimental buffer (Buffer A for ESC7, Buffer B for A␤(1-40)), followed by the addition of ligand protein solution (containing GroEL mutants) to initiate the assay.
In contrast, immobilization of ␣Syn-His 6 samples to the sensor was performed using an alternative method involving nickel affinity binding of the C-terminal His 6 tag, to minimize nonspecific interactions between ␣Syn and the sensor surface. After initializing the sensor chamber by washing the cells with SDS and piranha solution as described above, 100 l of a solution containing 0.5 mM 3,3Ј-dithiobis[N-(5-amino-5-carboxypentyl)propionamide-NЈ, NЈ-diacetic acid] dihydrochloride (C 2 -NTS, Dojindo) was added to the cell and incubated for 10 min at room temperature. This solution was washed away with Milli-Q water, and 500 l of Buffer D was added and allowed to sit for 10 min at room temperature. Afterward, the cell was again washed with Milli-Q, and then 0.1 M of ␣Syn-His 6 in Buffer B was added to the cell. The binding of ␣Syn-His 6 to the activated sensor was allowed to proceed under observation for 10 min at 25°C under mixing. Afterward, the cells were washed with Buffer B before adding the respective GroEL samples for the actual measurements in Buffer B. Regeneration of the initial experimental conditions was accomplished after each measurement by washing the sensor cell with Milli-Q, adding 500 l of Buffer E for 30 min to remove ␣Syn-His 6 , and reapplying Buffer D and fresh ␣Syn-His 6 solutions, as described above.
In quantitative analyses (Fig. 6E ), data were analyzed using the software package provided by the manufacturer of the instrument (AQUA 2.0) by linear regression analysis of the observed rate constant (k obs ) relative to the concentration of added GroEL G192W mutant, according to the following equation k obs ϭ k off ϩ k on ͓GroEL͔ (Eq. 1) to estimate k off and k on values, which were subsequently used to estimate the K D .
Fluorescence Detection of Fibril Maturation using Th-T-Fibril formation of ␣Syn was monitored using Th-T fluorescence as described in previous studies (21) . One milligram per milliliter of ␣Syn was incubated either alone or in the presence of 2.76 mg/ml GroEL WT or G192X mutants at 37°C in Buffer F. Samples (150 l) were prepared in triplicate in 96-well plates (8 ϫ 12-well plate; Greiner, Kremsmuenster, Austria) and placed into an ARVO X4 (Perkin Elmer) plate reader that was capable of sustained sample agitation. Increases in Th-T fluorescence were monitored intermittently through the bottom of the plate (read times, 0.1 s; excitation, 440 nm; emission, 486 nm). Data were averaged across the three samples to obtain time-dependent fibrillogenesis traces with TEM.
TEM Analysis-In this study, samples for TEM analysis were obtained from samples measured in Th-T fluorescence assays (Figs. 7 and 9), as described under "Fluorescence Detection of Fibril Maturation using Th-T," with the exception of the control sample of ␣Syn depicted in Fig. 8 . After each fluorescence assay, representative aliquots (10 l) of each sample were randomly sampled from the wells and applied to carbon-coated 400-mesh copper grids (Nisshin-EM, Tokyo, Japan), and sam-ple preparation was performed according to the protocol described in Ojha et al. (21) using EM Stainer (Nissin-EM, Tokyo). TEM images were obtained using a JEOL JEM-1400Plus transmission electron microscope at 80 kV. For the control ␣Syn sample in Fig. 8 , TEM images were obtained from 2% uranyl acetate-stained samples observed at ϫ27,000 magnification, with images obtained using a film camera mounted on a JEOL-100CX transmission electron microscope operating at 80 kV. Film negatives were scanned using a commercial flatbed scanner (Canon) at resolutions and sizes that match the resolution and sizes of the digital images obtained for the other samples.
